Studying the influence of breaking time-reversal symmetry on topological insulator surface states is an important problem of current interest in condensed matter physics and could provide a route toward proof-of-concept spintronic devices that exploit spin-textured surface states. Here, we develop a new model system for studying the effect of breaking time-reversal symmetry: a hybrid heterostructure wherein a ferromagnetic semiconductor Ga 1−x Mn x As, with an out-of-plane component of magnetization, is cleanly interfaced with a three-dimensional topological insulator (Bi,Sb) 2 (Te,Se) 3 by molecular beam epitaxy. Lateral electrical transport in this bilayer is dominated by conduction through the topological insulator whose conductivity is a few orders of magnitude higher than that of the highly resistive ferromagnetic semiconductor with a low Mn concentration. Electrical transport measurements of a top-gated heterostructure device reveal a crossover from weak anti-localization (negative magneto-conductance) to weak localization (positive magneto-conductance) as the temperature is lowered or as the chemical potential approaches the Dirac point. This is accompanied by a systematic emergence of an anomalous Hall effect.
have been demonstrated experimentally [11, 12] . With a motivation for studying such effects, synthesis and characterization of magnetically doped 3D TIs with transition metals have been studied [7, [13] [14] [15] [16] [17] [18] . Angle-resolved photoemission spectroscopy (ARPES) has suggested evidence a gap opening by breaking TR symmetry in magnetically doped TI systems, [7, 8, 16, 19] although recent studies point out an alternative mechanism for the gap seen in such studies [20] . In addition, a spin-resolved ARPES experiment revealed the hedgehog-like spin textures in the modified surface state of Bi 2 Se 3 films by Mn doping [21] .
In this paper, we focus on another way of breaking TR symmetry in the TI surface states, interfacing a TI surface to a ferromagnetic insulator (FMI) with perpendicular magnetization to evidence the broken TR symmetry and ultimately to realize topological quantum phenomena and potential spintronic applications [22] [23] [24] [25] [26] [27] . The key advantage of a TI/FMI heterostructure over the magnetically doped TI system is the selective modification of one surface by an adjacent FMI. Magnetic proximity affects only the interfaced surface, and thus magnetic properties or the resulting effects are free from the magnetism of bulk or another surface of the TI layer. So far, a few TI/FMI heterostructures have been experimentally reported using FMIs interfaced with TIs where the chemical potential is located in or near the conduction band [28] [29] [30] [31] [32] [33] [34] . We note that all these heterostructures involve ferromagnets whose magnetization is in plane. To further separate the FMI-interfaced TI surface from the electrical coupling to the bulk or another surface, the chemical potential needs to be placed in the bulk band gap. Also, to avoid the surface-to-surface tunneling, a TI film needs to be thicker than the critical thickness for hybridization [35] . To study the magnetic proximity, a clean, well-defined TI/FMI interface is necessary, and the FMI should have a magnetization component perpendicular to the TI surface to break the TR symmetry.
We demonstrate a new approach for a TI/FMI heterostructure using a dilute magnetic semiconductor (Ga,Mn)As. The ferromagnetic Curie temperature (T C ) and resistivity as well as the magnetic easy axis of (Ga,Mn)As films can be engineered by the amount of Mn-doping, annealing, and strain [36] [37] [38] . Here, highly resistive Ga 1−x Mn x As with an outof-plane magnetization is desired. High resistivity was achieved by using a low Mn-doping of x ≈ 0.05 and a perpendicular component of magnetization by growing the (Ga,Mn)As film (15 nm) on an InP (111)A substrate by MBE. (See supplementary information for magnetic and structural characterizations.) An advantage of using (Ga,Mn)As for the TI/FMI heterostructure is the well-defined interface, without an amorphous interfacial layer or secondary phases, as was demonstrated for epitaxial growth of Bi-chalcogenide TIs on GaAs (111) [39] . After growing the (Ga,Mn)As film in a ultrahigh vacuum chamber (low 10
Torr), the substrate was transferred to another ultrahigh vacuum MBE chamber without breaking vacuum for the growth of the 3D TI (Bi,Sb) 2 (Te,Se) 3 thin film (8 nm). The Dirac fermion dynamics in Bi 2 (Te 3−x Se x ) can be engineered by varying the composition of Te (3-x) and Se (x) [40] , and we chose x to be 1 (Bi 2 Te 2 Se) to place the Dirac point above the top of the valence band. Further engineering of the chemical potential was achieved by Sb-doping:
with an optimal ratio of Bi and Sb (Bi:Sb ≈ 1.25:0.75) we were able to place the chemical potential into the bulk band gap, as confirmed by the electrical transport measurements.
Although the selective modification of one TI surface with an FMI is advantageous, as discussed earlier, the buried interface between TI and FMI restricts direct probing of the modified TI surface state by techniques such as ARPES or scanning tunneling microscopy.
However, electrical transport measurements do provide a route to study the modification of the surface states by quantum corrections to the magneto-conductance (MC) and by the anomalous Hall effect (AHE). For the transport measurements, we fabricated a top- (Fig. 1f) . In the case of no magnetic proximity to a surface of a TI film, fitting the measured MC by the one-band formula gives the prefactor α as -1 [47] [48] [49] . Each surface contributes -1/2 to the resulting α = −1 for both surfaces. In the case of the magnetic proximity to a surface of the TI film, modification of one surface would not affect the resulting contribution of α = −1/2 from the other surface when two surfaces are electrically decoupled. This is the case for our TI system in which one surface state is modified by an adjacent FMI. Although we focus on the range of gate voltage in which the top and bottom surfaces are decoupled, we do not observe α approaching -1 by one-band fitting. Thus, we use a two-carrier model for decoupled top and bottom surfaces with the first prefactor α 0 , for a gapless surface state, fixed to -1/2:
The quantitative results of α 1 of the bottom surface provides an indirect way to estimate the E F position of the bottom surface. At a given temperature, the size of a magnetic gap does not change but E F is tunable by electrical gating. Figures 2d and 2e show that α 1 increases as the gate voltage decreases from 1 V to -5 V (-7 V) at 0.1 K (0.29 K). This can be interpreted as E F at the bottom surface being tuned from above towards the magnetic gap, but not passing through it, as illustrated in Fig. 2f . This qualitatively agrees with the WAL-WL crossover when the Berry phase changes from π to a smaller value by tuning E F . Similarly, as we fix the gate voltage to -5 V to place E F close to the gap and vary temperature, α 1 increases with decreasing temperature (Fig. 2g) as ∆ increases at lower temperatures due to the temperature dependence of the interfacial exchange coupling with the adjacent (Ga,Mn)As layer (illustrated in Fig. 2h ). 
Equation (2) shows that the Hall conductivity is half-quantized in the insulating regime of a single Dirac model, and the half-integer quantum Hall conductivity monotonically decreases as E F moves above the energy gap or as the gap gradually closes with a E F fixed to a position near the gap.
Since our results are not in the regime of the quantized Hall conductivity, the observed Hall conductivity is smaller than e 2 /2h. However, it follows the qualitative behavior of Eq. 
with σ xx from the Drude model σ xx = e 2 τ n/m where n, m and τ are the carrier density, the effective mass, and the relaxation time between collisions. For E F > |∆|/2, n increases as Figure 3c shows the evolution The onset temperature of both AHE and WL is much lower than the T C of the adjacent (Ga,Mn)As layer, indicating that the exchange coupling between electrons in TI bottom surface and Mn moments in (Ga,Mn)As is much weaker than the exchange coupling between Mn moments in (Ga,Mn)As (Fig. 4) .
In summary, we synthesized and characterized a TI/FMI heterostructure of a TI film 
S2. Weak antilocalization in three-dimensional TI
In three-dimensional (3D) TIs where spin and momentum are strongly "locked", weak antilocalization (WAL) naturally arises from the  Berry phase of electrons going around the Fermi circle of the Dirac surface state [2] . The quantum corrections to the MC for the Dirac surface states are expected to follow the behavior of the equation for a conventional 2D metal with a strong spin-orbit coupling [3] :
where  is a prefactor,  is the digamma function, and l  is the coherence length. WAL leads to  = -1/2 (symplectic case) while WL by constructive interference leads to  = 1 (orthogonal case). For an ideal 3D TI, when the Fermi energy E F lies in the bulk conduction band (BCB) or the bulk valence band (BVB), the top and bottom surfaces are coupled by the conducting bulk, and one can expect the prefactor  = -1/2, while  becomes -1 when E F moves into the bulk band gap where the top and bottom surfaces are decoupled by the insulating bulk [4, 5] . We note that the exact value of  can depend on inter-channel scattering [4] . ), with the Hamiltonian written as:
S3. Hall conductance with a finite energy gap
where , , are the Pauli matrices with basis states of spin-up and spin-down states of real spin, and is the Fermi velocity. The Hall conductance can be evaluated from the TKNN formula [6] , and for the above two-band model, a simplified version is given by
with the d vector defined as 
